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Abstract 
 
Polyurethane (PU) foams are widely used today in automotive and as insulation system. Due to 
environmental issues, efforts have been made to replace petrochemical polyol with natural-based polyol in 
PU foam production, without sacrificing any properties. This study aims as to produce palm oil-based 
polyurethane composite foam for load bearing purposes. Palm oil-based polyol (POP) was reacted with 
polymeric 4,4-diphenylmethane diisocyanate (p-MDI) with water as blowing agent and silicone surfactant 
to produce rigid PU foams. The foams obtained were varied by NCO:OH ratios and water content and 
characterized for their morphology and compressive strength. Scanning electron micrographs (SEM) 
indicated the cells within the obtained foams are closed cells. Compressive strength of obtained foams 
shows considerable improvement but only up to NCO:OH ratio of 1:1.35.  
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1.0  INTRODUCTION 
 
Usage of polymeric foams in industries is nothing new. Polymers 
like polyurethanes (PU), polyvinyl chlorides (PVC), and polyimide 
are widely utilized as insulation, acoustic damper, bedding, 
coating, furniture, and even to the extent of aircraft and automotive 
parts [1-4]. Among other polymeric foams, PU foams account for 
the largest global market of 53%, with 23% of total production are 
rigid PU foams [5]. Like any other polymeric foams, PU rely on 
petrochemical feedstock. Due to environmental and sustainability 
issues, as well as depleting petroleum supply all over the world, 
efforts have been made in recent years to develop a bio-based PU 
foam by using vegetable oils such as castor oil, soybean oil, canola 
oil, rapeseed oil, and palm oils [1-10]. Except for castor oil, these 
vegetables can be transformed into polyols via transesterification; 
and among all these natural oils, palm oil polyol have attracted 
interest for study, due to its economic price range and abundance 
in Malaysia.   
  To date, quite a number of researches were reported utilizing 
palm oil-based polyol in the production of PU foam. [1, 2, 4, 6, 7, 
9]. Prociak et al. for instance modified the formulation of flexible 
PU foams by partly replacing petroleum-based polyol with that of 
palm-oil; and comparing the obtained result with PU foam of 
rapeseed oil-based polyol [2]. It is found out that both modified PU 
foams exhibit better compressive strength, impact absorbance 
ability, and thermal stability; with palm oil-based PU foam 
illustrating better characteristics than rapeseed oil-based PU foam. 
Chian and Gan developed rigid PU foam from chemically 
derivatized refined-bleached-deodorized (RBD) palm oil polyol 
[4]. Their findings indicated that palm oil-based polyol is a suitable 
alternative in synthesizing polyurethane as obtained foam 
characteristics such as compressive strength exhibit high values 
especially at high density of foams. Badri et al. synthesized refined, 
bleached, and deodorized palm kernel oil (RBD PKO) for 
insulation purposes; and compared the result with addition of 
empty fruit bunch (EFB) fiber [9]. Findings indicate that foam 
produced from said polyol shows good mechanical properties as 
compared to its conventional counterpart.  
  Many studies have been conducted on the application of 
polymeric foam cores; yet very few work noticed to be done 
specifically to study the application of bio-based polymeric foams 
[11–14]. Rejab for example proposed the use of polyurethane foam 
as sandwich core for side-door impact beam of a car [11]. In the 
study, it is found out that integrating polymeric foam core into the 
hollow tube of the side-door impact beam increases the impact and 
energy absorption properties of the beam itself as compared to that 
of without the foam. Shen et al. investigated the effect of 
polyurethane foam density and thickness on the sandwich panel 
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behavior, which is intended to be utilized as building structure or 
cladding for use in high wind areas [12]. Results indicate that the 
proposed structure can be used as lightweight cladding system used 
in high wind areas. However, these applied polymeric foams are of 
petroleum-based; and as illustrated in earlier parts, many efforts are 
given to replace these petrochemical-based foams with a bio-
renewable polymeric foams. With these illustrated applications and 
many more, it is rather essential to investigate whether bio-based 
polymeric foams can be incorporated into these systems as 
alternative for the conventional foams; with no mechanical 
property deterioration. 
  This paper presents the preliminary work on the development 
of green composite PU foam for load bearing applications like in 
automotive and aeronautical industry. Foams of different NCO:OH 
ratios and water content are fabricated in closed mold, and 
characterized for their morphology and  compression strength,  The 
nature-based PU foams obtained are compared to that of petroleum-
based PU foams to observe whether exchanging the components in 
PU production deteriorates any properties of the foam.  
 
 
2.0  EXPERIMENTAL 
 
2.1  Materials 
 
The raw materials used in this study include palm oil-based polyols, 
polymeric diphenylmethane-4,4’-diisocyanate (p-MDI), silicone 
surfactant Tegostab B-8404, and distilled water.  
 
2.2  Preparation of foam 
 
The formation of PU foam in this study resulted from the 
exothermic reaction between Solutions A (mixture of palm oil- 
based polyol, silicone surfactant, and distilled water) and B (p-
MDI). The polyol was first weighed according to desired 
formulation as illustrated in Table 1 together with silicone 
surfactant and distilled water prior to being stirred for 2 minutes 
with magnetic stirrer at 1500 rpm for homogeneity; forming 
Solution A. After being weighed also, p-MDI was reacted with 
Solution A and stirred at 1500 rpm for 45 seconds before 
transferred into mold (100 x 200 x 30 mm) for self-rising. The foam 
is conditioned at room temperature for at least 24 hours before 
demolded, and undergoes another 24 hours of room conditioning 
before cut into specimens and testing is carried out. 
 
2.3  Foam Density 
 
Foam sample density was determined using the standard ASTM 
D1622. Samples were cut into cubes of size 30 mm3 using bench 
saw prior to being weighed using digital balance. Dimensions of 
the samples were measured using digital vernier caliper. Average 
of at least five samples was taken into consideration. 
 
2.4  Fourier Transform Infrared Spectroscopy (FTIR) 
 
Infrared spectroscopic measurements of the PU foams were carried 
out using a Fourier-transform infrared (FTIR) spectroscopy 
analyzer Perkin-Elmer Frontier. Sample foams were scrapped into 
powder form and pressed against ATR crystal for total contact with 
force gauge maintained at value of 80. Infrared spectroscopy was 
carried out within the range of 4000-650 cm-1 at a resolution of 4 
cm-1 with a total of 16 scans were taken.  
 
 
 
 
2.5  Scanning Electron Micrography (SEM) 
 
Morphology of the cell structure was observed using Scanning 
Electron Microscope (SEM) Phillips ZL 40. Specimens were 
prepared by sputter coating with thin film of platinum and opening 
voltage of 10 kV. Computerized image analyzer Zeiss KS300 
Imaging System software is used to analyze the obtained result. 
 
2.6  Compression Test  
 
Compression test was conducted in accordance to standard ASTM 
D1261. The foams were cut into sample size of 50 x 50 x 30 mm 
and tested using the Universal Testing Machine Instron D100X 
with crosshead speed of 5mm/min. Data of compressive load and 
displacement were sampled via test machine’s computer control 
software at a rate of 10 points per second. Compressive strength 
was determined following procedure A (absence of yield point, 
stress taken at 10% deformation). An average of five samples was 
taken and reported.  
 
Table 1  formulation of PU foams in this study 
 
Sample NCO:OH 
ratio 
p-MDI 
(g) 
POP 
(g) 
Water 
(pbw) 
Surfactant 
(pbw) 
S1 1:1 50 50 0 2 
S2 1:1 50 50 1 2 
S3 1:1 50 50 2 2 
S4 1:1 50 50 1 3 
S5 1:1.5 40 60 1 2 
S6 1:0.82 55 45 1 2 
S7 1:0.67 60 40 1 2 
 
 
Figure 1  Structure of triacylglycerol  
 
 
3.0  RESULTS AND DISCUSSION 
 
3.1  Foam Density 
 
Density of foam with water as blowing agent is determined by the 
residual water content in the polyol; and it is rather uncommon to 
obtain variation of densities in different positions of the foam [4]. 
In this study, no significant difference was found in between 
different position of the foam. Though not included in this study, it 
is however predicted that the skin density of the foam varies 
slightly as compared to the mid-section of the rise direction of the 
foam. This is because while the mid-part of the produced rigid foam 
exhibits evenly distributed porosity, the skin layer in contact with 
the mold is harder and less porous. This finding is also reported in 
[4]. The obtained foam densities vary within the range of 103.80 to 
182.32 kg/m3, depending on the foam formulation. Formulation of 
foam with higher polyol content tends to produce higher density 
foams, due to the unreacted hydroxyl groups. The obtained results 
are rather comparable with previous studies [3, 4].  
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3.2  Fourier-Transform Infrared (FTIR) Spectroscopy 
 
FTIR is used to determine the completion of reaction and formation 
of the polyurethane. Foam spectra of various NCO:OH ratios are as 
illustrated in Figure 2. Spectra for all the foam formulation shows 
almost similar pattern, indicating formation of urethane linkages. 
With reference to the obtained spectra, it can be observed the 
stretching of hydrogen bonded urethane N-H at 3310 cm-1. This 
wide band can also be attributed to the remaining OH groups in the 
system. As can be seen, the band width tends to increase as the 
amount of the polyol in the formulation increases, indicating 
unreacted hydroxyl groups left in the system. These findings might 
also suggest the less reactivity between the palm oil-based polyol 
and the isocyanates. Even for a system with OH ratio lower than 
that of NCO, there are still unreacted groups of OH left, as proven 
by the spectra for the NCO:OH ratios of 1:0.82 and 1:0.67. The 
reason behind this phenomenon is perhaps due to the fact that palm 
oil is a triacylglycerol, which structure is as illustrated in Figure 1, 
with lower-reactivity secondary hydroxyl groups exist in the 
polyol. A study by [1] also reported the same unreactivity 
phenomenon. The bands at 1510, 1216, and  
1203 cm-1 indicate the urethane linkages of N-H, C-N, and C=O, 
thus confirming the formation of PU foam, while at 1708 cm-1 
shows the formation of interurethane hydrogen bonding as the 
stretching of hydrogen-bonded carbonyl group between N-H and 
C=O is represented by this band [3]. Free, unreacted isocyanate 
NCO is represented by the band 2276 cm-1. As can be observed 
from the spectra, no free isocyanate is present when the NCO:OH 
ratio is 1:1 and higher; indicating all the NCO is used up or reacted.  
 
Figure 2  Spectra of PU foams of various NCO:OH ratios 
 
 
3.3  Scanning Electron Micrograph (SEM) 
 
Scanning electron micrographs of the foam surface in the rise 
direction indicate that the obtained foams are of closed cells. 
Results also indicate that at different NCO:OH ratios, no apparent 
differences can be concluded on the cell sizes and arrangements. 
However, at the addition of more polyol to the system, the cell 
becomes more regular in shape and uniform in arrangement. PU 
foam formulations with higher polyol premix content contributes 
to regular cell structure, producing a well-defined and uniform size. 
This is due to the existence of excess polyols which act as 
additional surfactant; thus producing higher amount of closed cell. 
  However, at constant ratios of NCO:OH, cell size increases as 
content of distilled water in the system increases. The hydroxyl 
group reacts with isocyanates to generate CO2. Increase of water 
contents produces more CO2 and favors coalescence, increasing the 
cell sizes. The finding is agreeable with past study [3].  
 
3.4  Compression Properties 
 
The compressive properties of the obtained PU foams are tested 
varying the NCO:OH ratios and the water content in each 
formulation of the foam. The compressive strength of palm oil-
based PU foams at 10% strain for both mentioned attributes are as 
shown in Figure 3 and Figure 4, respectively. In general, the 
compressive strength of the foam increases with increasing NCO 
content in each formulation. This is because NCO contributed to 
the formation of ‘hard segments’ in urethane linkages. As excess of 
NCO produces more hard segments and in turn gives the brittle 
structure to the foam, it is believed that the foam had actually 
become brittle at NCO:OH ratios beyond 1:1.2. As can be observed 
from the graph, the compressive strengths attained at ratio 1:1.5 
have already actually starting to deteriorate with the maximum 
strength is believed to be achieved somewhere at the ratio of 1:1.35. 
These findings also suggests that compressive strengths of palm 
oil-based PU foams increases even with decreasing foam density as 
the results obtained clearly indicate that foams with higher 
isocyanates content are of relatively lower density, even though it 
is made known that the mechanical properties of rigid PU foams 
depends on the density of the foam [1]. However, study by [2] also 
agrees that the increase of compressive strength is due to the higher 
content of hard segment in the foams. It is believed that due to the 
lower reactivity of bio-based polyol discussed earlier contributed 
to this phenomenon as the less reactive hydroxyl groups act as 
adding weight to the foam, rather than forming urethane linkages; 
and thus increasing the foams density without actually improving 
the foams compressive properties. 
 
Figure 3  Compressive strength of PU foams at various NCO:OH ratios 
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Figure 4  compressive strength of PU foams at various water content 
 
 
  Intensity of blowing agent is also a factor influencing the 
mechanical characteristics of PU foams. As blowing agents 
controls the cell structure of the foams, it is vital to find the 
optimum amount of blowing agents to be added to the foam 
formulation. In this study, it is found out that increase in among of 
water as blowing agent at constant ratios of NCO:OH decreases the 
compressive strength of the foam at a very significant range. At no 
addition of distilled water to the formulation, the rigid PU foam can 
have compressive strength as high as 1.45 MPa, but addition of 1 
pbw of distilled water caused deterioration of of compressive 
strength of approximately 185 percent; and further subsequent 
addition of 1 pbw further decreases 133 percent. This is because 
blowing agents reacts with diisocyanates to liberate carbon dioxide 
CO2 gas; and addition of more blowing agent into the formulation 
induces formation of bubbles with larger cell sizes, which then in 
turns deteriorates the foam density and compressive strength [3].  
 
 
4.0  CONCLUSION 
 
Development of load-bearing capable rigid palm oil-based 
polyurethane foam was achieved by substituting the petrochemical-
based polyol with the bio-renewable counterpart. Results show that 
the bio-based polyol is suitable for reaction with polymeric 
diisocyantes to form polyurethane foams, with addition of blowing 
agents and surfactants in the foam production to further improve 
the foam structure. The isocyanates to hydroxyl ratio, NCO:OH 
ratio and water content is varied in the foam formulation; and its 
effect on the foam morphology and compressive strength are 
investigated in this study. 
  This preliminary results shows promising future for palm oil-
based PU foams for load bearing applications as obtained foams 
exhibit high compression strength and foam density. More work is 
currently underway to optimize the reactivity of the palm oil-based 
polyol, as well as to further enhance the mechanical properties of 
the bio-renewable PU foams.  
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